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ABSTRACT

In Furnace No. 1 during this quarter, experiments were conducted in

which the total argon purge rate in this furnace was decreased. A number

of extremely significant changes in the crystallographic structure and

electronic quality of the ribbons were observed in these experiments.

Ribbon segments were grown in which the "equilibrium defect structure"

was no longer present and the electrical properties improved to the ex-
2

tent that cells of 50 cm area having AM1 efficiencies over 11% could be

prepared.

In Furnace No. 3A, the final five-ribbon demonstration run was per-

formed. The furnace performed nearly flawlessly over the 15 hour run

during which -30 meters of 5 cm wide ribbon were grown at a rate of

~3.3 cm/min from each of the five cartridges. Initial evaluation of a
2

small lot of 45 cm solar cells revealed that the material was capable

of being processed into cells of ~9% (AM1) efficiency.

Subsequent to this final multiple demonstration run, the furnace was

converted to be operated with three I0 cm width cartridges, plus a melt

replenishment unit. This conversion is now complete, and the first

growth runs using one cartridge and the melt replenisher have produced

~4 meters of I0 cm wide ribbon at a growth rate of 3.5 cm/min.

In Furnace 17, work on stress has continued, and a basic investiga-

tion of stress and buckle generation in the ribbon has shown this to be

a fairly complex problem at high growth rates. However, at rates up to

perhaps 5 cm/min, the problem may be manageable through improvements in

puller design and ribbon guidance. Also on this machine, the work with

automatic control designs is making progress, and in an appendix to this

report, a very comprehensive discussion of the control dynamics during

EFG growth is provided.

"This report was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the United States De-

partment of Energy, nor any of their employees, nor any of their con-
tractors, subcontractors, or their employees, makes any warranty express
or implied, or assumes any legal liability or responsibility for the

accuracy, completeness or usefulness of any information, apparatus, pro-
duct or process disclosed, or represents that its use would not infringe
privately owned rights."
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I. INTRODUCTION

At the beginning of the fiscal year on which this document reports,

it was well established that EFG material, in spite of its imperfect

nature, is quite capable of producing large area (2.5 x I0 cm 2) solar

cells with efficiencies of at least 12%. Indeed, the discussion of

whether small area cells of higher efficiency could conceivably be pre-

pared from some of the material, had already been shifting to the ques-

tion of defining the influence of particular defects on the overall

yield of cells prepared from whole multiple meter lengths of ribbon, and

attempts to prepare single cells with optimized properties were de-empha-

sized.

Instead, under this contract the focus shifted to considering even

larger cells (5 x I0 cm 2 and 7.5 x 7.5 cm 2) prepared from 5 cm and 7.5 cm

wide ribbon, grown under conditions which would make high rate multiple

ribbon growth a practical reality. The characterization task, therefore,

took more and more of an interest in questions related to uniformity of

properties over very large cell areas and within long ribbons, instead of

concerning itself with the top performance of selected small ribbon areas.

Thus, the program in its philosophy shifted to engineering research,

i.e., answering questions related to specific machine design elements;

the ribbon quality to be expected from growth stations built in certain

ways and using particular materials of construction, and the relations

between silicon ribbon quality and productivity; i.e., such questions as

to how speed and width affect the ribbon properties both from a mechanical

(flatness, thickness uniformity, etc.) and solid-state (in the end, solar

cell efficiency) standpoint.

Overall, we believe that this programmatic approach has been success-

ful and that a realistic engineering concept has been proven which will

allow the achievement of high ribbon productivity along with good ribbon

quality and thus low solar cell blank cost. Specifically, major achieve-



ments of the program which support this statement are:

I. The soundness of the engineering concepts has been demonstrated

by the achievement of multiple (five) ribbon growth for periods up to 20

hours.

2. Significantly improved single ribbon equipment using a cartridge

(Machine 17) has been constructed on schedule this year. It provides

unique capabilities for studying and understanding the growth process it-

self as well as a simple basic concept for automatic feedback control.

3. The work on JPL Machine No. 1 (MTSEC No. 18) has led to the

design of highly reliable growth cartridges in which experiments of 7.5

cm wide growth can be conducted in a reproducible manner, i.e., when one

sets out to grow a ribbon, one can actually grow as much as a full cruci-

ble allows every time. During the last three months, this equipment

operated on a regular schedule of two one-day runs per week, without any

significant parts failure.

4. The introduction of the so-called "mini cold shoe" represents a

major advance in reliable cartridge design.

5. A concept that had been proposed for some time, namely to use

specific interface shaping to improve material properties of wide ribbon,

has finally been reduced to practicability by the use of displaced dies.

This has led to solar cells (in sizes of 2.5 x I0 cm 2, 2.5 x 7.5 cm 2, and

7.5 x 7.5 cm 2) grown from a reliable, practical cartridge system which

have average efficiencies of over 9% in random lots of ~i0 pieces. Most

importantly, the material is indeed asymmetrical as predicted, not only

with respect to solar cell efficiency but also with respect to silicon

carbide density.

Thus, enough understanding of the effects has been gained to make

further advances in this area quite likely so that the solar cell effi-

ciency in these large ribbon cells is expected to reach similar averages

which are now obtained in cells made from smaller ribbons.

6. Detailed studies of the effect of the gaseous environment in an

EFG furnace have led to the discovery that growth stability can be sig-

nificantly enhanced and SiC density can be greatly reduced by proper

atmosphere control.

However, before final production machine prototype design can begin,

the various approaches which have been derived need still to be optimized

and made ready for fully automatic operation at high growth rates, a fact



that becomes clearly apparent from the detailed discussions in the text

that follows. In particular, the main hurdle toward higher growth rates,

namely the buckling that produces unacceptable, non-flat ribbon, has to

be overcome and the approaches toward higher cell efficiencies have to

be refined so that they are more effective and can be combined with high

growth rates (> 5 cm/min).

Experiments which generate the needed basic facts in these areas

can, however, be conducted now in an optimum way, since both direct ob-

servational tools (Machine 17) and sufficient basic understanding of the

details of the growth process are available. We are thus confident that

the final prototype design of a ribbon production machine could begin

within a year.





II. WORK ON CRYSTAL GROWTH STATION NO. 1 by J.P. Kalejs

A. Overview

Significant improvements in as-grown material quality and in solar

cell performance have been observed for ribbon growth during this

quarter. These have accompanied experimentation with the ribbon growth

interface ambient through variation of argon purge rates in the furnace

and cartridge. Deviations from the equilibrium defect structure charac-

teristic of EFG ribbon have been associated with these ambient changes,

and these are taken to indicate that important changes have taken place

in the growth interface region as a consequence. The quality improve-

ments have led to large area (-50 cm 2) ribbon cells with AM1 efficiencies

as high as 11.5% (AR coated). These preliminary experiments with the

furnace ambient hold out promise that this may be a useful means by which

to control certain aspects of the ribbon growth process in a way that

could be beneficial in improving material quality still further.

Investigation of growth with radiused displaced dies was initiated

concurrently with the furnace ambient studies. Growth conditions with

dies having both uniform and nonuniform die-top flat widths have been

found to be acceptable.

B. Experimental

The third series of clean runs was completed with two runs this

quarter and a fourth series started after a thorough cleaning and re-

building of the JPL No. 1 growth system. The run data are summarized in

Table I. The growth system utilizing all-graphite main zone insulation,

graphite die-top shield, and no cold shoe had proven to allow reasonable

growth in the speed range from 1.5 to 2.5 cm/min. It was selected for

use in continuing quality experiments in order to establish a more ex-

tensive statistical data base using an operational mode which would

approach that of growth at 2.5 cm width in RF powered furnaces more
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closely than had previously been attempted. The emphasis in these ex-

periments, therefore, was on establishing a more consistent operating

procedure and on restricting developmental work which required major

changes in system components from run to run (such as cold shoe and

materials of construction). In preparation for the fourth series of runs,

the furnace and assembly area were thoroughly cleaned and all aluminum

cartridge and belt puller components in close proximity to the growth

slot and growing ribbon were Teflon K<-_/-coated. Assembly procedures for

the cartridge and main zone were improved to reduce the extent of handling

of the components and the time of their exposure to the room environment.

The use of only one cartridge and curtailment of development work which

involved extra assembly time and non-standard procedures have aided in

this task. The duty cycle, insofar as the time the furnace is at opera-

tional temperatures, was increased by a higher run frequency to further

reduce the time the growth system components were exposed to the room en-

vironment.

Studies of furnace ambient and die design changes on material quality

were carried out concurrently during the fourth series of clean runs. De-

sign changes have been introduced to allow improved control over the fur-

nace atmosphere. The chief emphasis was to study means by which to re-

tain growth stability under variable furnace gas purge rates. This study

extended to growth with the main zone purge gases turned completely off.

Second, alternating with the ambient studies was the testing of growth

conditions with radiused displaced dies. The results of these studies are

discussed below.

I. Atmosphere Control Studies

Implementation of design changes aimed at improving control over

the furnace and cartridge atmosphere, and so aiding understanding of its

role in the growth process, was initiated with this series. Prediction

of gas flow patterns and their influence on atmospheric composition in the

neighborhood of the interface in the conventional operating mode in JPL

No. 1 is difficult. Argon purge gas in the cartridge system is introduced

both at a point below the main zone heater and insulation as well as in

the cartridge itself. Its chief function is to prevent backstreaming of

air through the cartridge growth slot and the outside perimeter of the

cartridge. This backstreaming has been identified as a possible source of

growth instability and as a mechanism for SiC particle generation at the

die top. (I) Auxiliary cartridge gas flow (in addition to that used to



supply the cold shoe) was introduced in run 18-90 to assist in controlling
backstreaming, as well as to permit operation at lower levels of main zone
purge rates. The latter condition was sought for two reasons. First, the
main zone is a possible source of impurity-laden gases; in addition, it is
necessary to reduce the amount of gas entering into the cartridge from the
main zone during growth from quartz crucibles in order to prevent SiO de-
position around the die top and on the cold shoe from interfering with
growth. Auxiliary cartridge argon purge rates of 5 to I0 £/min, with the
gas introduced through two molybdenum tubes extending to the level of the
die-top, were found to be sufficient to accomplish this task. This aux-
iliary cartridge gas purge system is inadequate for the purpose of the
furnace atmosphere studies that were contemplated for several reasons.
First, the argon purge rate needed to maintain acceptable growth condi-
tions, although reduced by about a factor of two from that necessary with
only main zone purging, still implies that considerable flow velocities
are imposed on the ambient surrounding the growth interface and ribbon.
The exit gas flow path is poorly defined due to the numerous possible
exits for the gas from the cartridge (view slots, floor plates, growth
slot); hence transients and turbulent flow conditions could be expected to
be associated with convective heat transfer within the growth slot envi-
ronment, with possible undesirable effects on growth conditions. Second,
the purge gas is forced over hot furnace components, among them the
molybdenum feed tubes, and die top shields and heaters. As a consequence,
potential paths for impurity transport via the ambient are still present.

The effect of a more quiescent cartridge and main zone ambient on
growth conditions was examined initially. A gas flow configuration was
sought that would allow the furnace purge gas to be completely shut off
without introducing intolerable backstreaming of air. The first step in
this effort, implemented in run 18-140, was the introduction of a gas
"lock" at the point of exit of the ribbon from the cartridge growth slot.
This lock consisted of a graphite plenum chamber fastened tightly to the
cartridge top plate with narrow entrance and exit slots for the ribbon.

Gas inlets introduced argon gas to establish an overpressure, which was
relieved by the argon exiting around the ribbon. With this gas flow con-
figuration, it was hoped that control of the backstreaming of air could be
further removed from the growth interface, while at the same time the
purging argon is not forced over hot system components in the furnace in-
terior.

Experimentation with variable argon purge rates was carried out ini-
tially to obtain a comparison of growth conditions and ribbon appearance

9



with those found under a "standard" set of operating conditions (see
Table I footnote). The value of this approach was that changes in the
furnace ambient due to extraneous causes could be monitored. These could
arise from water leaks in the cartridge, or from differing initial fur-
nace conditions, such as could occur if the cartridge and furnace were
not in use for a significant time period before a run. The ribbon grown
under "standard" baseline conditions was characterized by a very shiny
and smooth appearance, with a very low (& 0.I particle/cm 2) SiC density

on the high meniscus (displaced die flat) face. The SiC particle density
on the low meniscus face was generally high (_ 5 particles/cm 2) but vari-
able, and dependent very much on the meniscus height and die design para-
meters. The crystallographic structure was dominated by parallel twin
boundaries, characteristic of the equilibrium defect structure of EFG
ribbon.

A number of significant changes in growth conditions and ribbon
appearance were observed with a decrease in the main zone purge rate from
the standard baseline operating level. These are summarized below:

I. At main zone purge rates below about 4 //min, the ribbon lost

its shiny surface appearance as the film began to appear. The film con-

tinued to become heavier during operation with lower or zero purge rates,

and it did not appear to reach steady-state levels over periods of two to

three hours. Instead, the film deposits on the meniscus and die top

generally built up to levels which seriously hampered growth. However,

restoration of the main zone purge rate to levels of I0 //min was gener-

ally sufficient to eliminate the film and regain a clean ribbon surface.

On several occasions, the die top contour was sufficiently modified by

these deposits to result in very poor growth after the purge rate was re-

stored to its standard rate. These poor growth conditions were generally

associated with heavy SiC particle pick-up on both ribbon faces.

2. During the same time span that the surface film began to appear,

the density of visible SiC particles growing at the die top (and also

being picked up by the ribbon) decreased; in the intermediate stages of

moderate film, SiC particle appearance had decreased noticeably to well

below the average levels occurring earlier, and practically disappeared

even from the face of the ribbon growing from above the high side of the

displaced die. In effect, moderate to heavy film cover was usually

accompanied by a significant decrease in the SiC particle density. How-

ever, in the case of the heavier film appearance, patches of what appeared

to be film were frequently picked up from the die top.

i0



3. Growth stability showed a marked improvement with decreasing
purge rate during the time a light to moderate film cover was present.
The reduction of SiC particle growth and pick-up contributed to this con-
dition. Additional indications that growth conditions at the interface
were more homogeneousappeared in the form of smoother interface appear-
ances. Of course, as the film became heavier, growth conditions de-
stabilized as noted above. Two extremes in interface appearance in
steady-state growth during light and heavy film formation conditions are
illustrated in Fig. i. The photographs are of the high meniscus (dis-
placed die) side of the ribbon (with the meniscus as the black band)
taken through an anamorphic camera system. The black vertical marker in
Fig. l(b) represents a length of 0.025 cm.

4. In a number of runs in which low (_ 4 £/min) or zero purge rates
were used, significant deviations from equilibrium defect structure began
to appear. These were generally in the form of extended regions of what
appeared to be large grained polycrystalline silicon. Grains as wide as
5 mmand extending I0 to 20 cm along the growth direction, though not
necessarily with boundaries parallel to it, have been observed (see Sec-
tion IV).

These experimental observations clearly suggest that important
changes are taking place in the growth process with reductions in the
main zone argon purge rate. However, steady-state ambient conditions, as
evidenced by film appearance on the ribbon, are not readily achievable
with the present system ambient control arrangement. This complicates
the interpretation of the experimental results. In particular, the cause
for the onset of heavier film growth at lower purge rates is not known.
The action of reducing the main zone purge rate increases the possibility
of air backstreaming even with the gas lock around the ribbon. On the
other hand, ongoing processes in the furnace interior (such as component
outgassing or small water leaks) also cannot be ruled out as contributing
significantly to ambient changes in the growth interface environment.

2. Die Design Studies

Several different die designs have been tested during the

course of this series of runs. The purpose of these tests has been to

explore growth conditions with displaced radiused dies in conjunction

with the studies of the effect of interface shape variations on material

structure and quality. The available parameters in this study are the

die radius, the width of the die-top slots, and the die displacement.

II



(a)

(b)

Fig. i. Meniscus and interface region appearance during steady-state
growth under conditions of (a) light film formation (ribbon
18-151-1), and (b) heavy film formation (ribbon 18-153-3)
with reduced main zone argon purge rate.
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Radii of 127 am and 63.5 cm lower the die center relative to the ends by

approximately 0.03 cm and 0.07 cm, respectively, over a 5 cm span. In

addition, the die flat width can be refinished to be uniform over the

width of the die. If it is left unmachined after the cutting of the

radiusj the flat width will be nonuniform. A displacement of one radi-

used flat relative to the other is the final operation. This also

creates a nonuniform flat width. Growth conditions with the various die

geometries tested were variable but usually reasonable. The ribbon grown

will be examined to look for changes in material properties which may

arise as a consequence of the change in interface shape across the ribbon

width imposed by the radius.

C. Material Quality Considerations

Characterization of as-grown material and data for solar cells made

from ribbon growth in the runs of the fourth clean series are discussed

in Section IV. Both SPV diffusion lengths and cell performance levels

have shown improvements. These are most evident in the new highs for

diffusion length and cell efficiencies in the JPL No. I growth station

achieved with this ribbon: SPV diffusion lengths of over 50 _m over the

full width of 5.5 cm wide ribbon, and large area (45 to 55 cm 2) cells

with AM1 efficiencies up to ~11.5% (AR coated). Possible reasons for

these improvements are discussed below.

The experimental evidence strongly suggests that the ambient change

effected as a consequence of main zone purge rate decreases is the most

important factor in the increase of ribbon quality in these experiments.

Possible growth system responses to such a change can be placed into two

categories for the sake of discussion. There are those that relate to

improvements in growth stability and contribute to the formation and

maintaining of a more homogeneous boundary layer at the growth interface

on a local (microscopic) scale. This is evidenced by a more planar and

smoother-looking interface, and, as noted above, by the nearly complete

absence of SiC particles and pick-up on both ribbon faces. The decrease

in the rate of SiC formation could either be the consequence of a lower

level of perturbation of the meniscus and boundary layer region, or con-

versely, itself be responsible for the establishment of a more regular

interface during growth. A decrease in the purge gas rate, hence in the

gas velocities near the growth interface, could also be expected to re-

duce the level of thermal perturbations of the interface arising from

convection-induced heat transfer irregularities. The net effect of a re-

duction in interface perturbations through any one or a combination of
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these mechanisms could then be very beneficial in improving material

quality by affecting both the crystallinity of the ribbon and/or the

manner in which impurities are incorporated into it during growth.

On the other hand, the growth system response to purge rate changes

may be of a chemical nature. The appearance of the film with decreasing

purge rate indicates that the compositional balance in the ambient gases

which interact with the ribbon and melt has changed. Part of the film

formation is known to take place as a result of ambient gas interaction

with the ribbon surface over a region of the order of 1 cm above the

growth interface. Evidence for this is in the form of a heavier film

region, or "burn" marks, observed on the ribbon at each freeze, which

arises when the ribbon is essentially stationary for several minutes un-

til growth is re-started. The intensity of the film layer formed during

freezes is clearly a function of the purge rate and the time the ribbon

is stationary. In general, in growth with purge rates for which the

ribbon surface formed during steady-state growth does not show any vis-

ible traces of film, the surface has remained essentially film-free even

during freezes. If the film were to be attributed entirely to ambient

interactions with the ribbon surface, such as is known to be occurring

during freezes, then it could be postulated that the film could influence

ribbon quality either through acting as a passivating surface layer which

reduces ambient impurity contact with the ribbon or by some process of

gettering of impurities within the ribbon. However, in this situation

it could be difficult to understand how the film could affect ribbon

structure and growth process stability in the manner observed and de-

scribed above. That these effects are taking place is suggestive of a

broader ambient influence, which extends to processes operative within

the meniscus and near the growth interface. Changes in the impurity

balance in the meniscus, particularly within the impurity boundary layer

adjacent to the growth interface, could further influence the rate of in-

corporation of impurities into the ribbon.
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III. MULTIPLE FURNACE 3A by B.H. Mackintosh

A. Overview

Work in the early part of this quarter was concentrated on resolu-

tion of two problems identified in the First Quarterly Report as prevent-

ing satisfactory five-ribbon operation of this machine. The first of

these two problems, namely an inadequate melt replenishment rate, was

solved by the design changes which were in the parts-procurement stage

at the end of the first quarter. Replenishment performance proved sat-

isfactory in the two long five-ribbon runs subsequently made.

The other problem, high surface silicon carbide particle densities,

was further investigated in three single-cartridge runs. The various

measurements and observations made led to the tentative conclusion that

in this furnace, in its present state, the condition of the surface of

the graphite crucible plays a more important role than the composition of

the furnace atmosphere in determining the density of these particles on

the ribbon surfaces. We found that as long runs with melt replenishment

proceed, the density of these particles on the low die-tip side of the

ribbons eventually falls to a few per 50 cm 2 "cell blank" segment. We

interpret this as an indication that the rate of carbon dissolution from

the crucible has slowed to a point where carbon concentration is sub-

stantially lower than that in a charge melted in a crucible with a fresh

carbon surface. The threshold of three particles per 50 cm 2 cell blank

has been somewhat arbitrarily chosen as a density at which silicon car-

bide particles do not seriously degrade performance of cells at their

current level of conversion efficiency as limited by minority carrier

diffusion length. The major portion of ribbon grown in this furnace in

two runs of this period met this quality criterion for silicon carbide

particle density.

Progress in the above two problem areas permitted two highly suc-

cessful five-ribbon demonstration runs to be made. The second of these
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clearly surpassed the 1978 throughput goals for this system, namely five
ribbons of 20 meters per run at a duty rate of 70%. A total quantity of
150 meters was grown in 15.5 hours at a duty rate of 94%. The photo-
voltaic conversion efficiency goal of 9%devices was almost realized,
with an actual average cell efficiency of 8.72% in the first (small)
batch of devices made from a random selection of pieces.

We consider this demonstration run to accurately represent the cur-
rent state of development of the 5 x 5 cm ribbon machine. Its design and
operation are sufficiently well defined that it could be run on a routine
basis at this level of performance. However, the throughput parameters
derived from the 1977 SAMICSstudy of multiple ribbon EFGhave been in-
terpreted as requiring the multiple growth of wider ribbon. Thus, as
planned, Furnace 3A was converted for development work on the I0 cm
growth cartridge at the end of this quarter.

This scaling to I0 cm ribbon made rapid progress. Full-width rib-
bon was grown in the fourth day's operation of the new cartridge. In
the sixth growth run, 3.5 meters of i0+ cm wide ribbon were produced with
good flatness, negligible stress, and at comparable pulling rate to the
5 cm ribbon. Experimental work is now being directed to producing clean,
carbide-free, and thinner ribbon. Design work is underway to convert the
two single-cartridge furnaces JPL No. 1 and No. 17 for use of the i0 cm
cartridge as well.

B. Ribbon Growth Activity Summary

Table II summarizes the growth runs performed prior to conversion to

the I0 cm cartridge. The first run was intended to provide information

to the stress-analysis task of this project and will not be discussed

here. Principal results and conclusions from the remaining runs are dis-

cussed in the following sections.

C. Silicon Carbide Particle Problem

Within the time frame and other constraints of operating this fur-

nace toward its "5 x 5 cm" demonstration goals, it has not been possible

to understand the phenomena controlling silicon carbide particle forma-

tion at a fundamental level. Instead, we have experimentally sought

changes in component design and operating technique which tend to reduce

the severity of the problem. Those measures by which we attempted to

affect carbide particle formation by reducing the concentration of reac-

tive gases in the furnace had little effect. The measures used included
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vacuum baking the furnace before runs to drive off water vapor, constant

monitoring of water vapor level in the argon supply, and "calibration"

of the furnace for optimum argon purge rate by measuring CO concentration

in the hot zone interior. Non-replenished run 183, made under the opti-

mum attainable condition in these respects showed carbide particle den-

sities in the high-meniscus side (displaced dies were used for all 5 cm

growth except run 181) of _ 20 per 50 cm 2 area. In contrast to these

negative results, the effects of long duration growth with melt replen-

ishment upon carbide particle densities, seen in the next four runs, were

beneficial and consistent.

The first occasion on which this effect was identified was the

latter half of multiple run 180, as described in the First Quarterly Re-

port. A rather abrupt decrease in carbide particle densities after a

period of steady-state growth was again seen in runs 184 and 185. This

suggested the simple hypothesis that when silicon is melted in a graphite

crucible, it quickly becomes saturated with carbon, but as a run pro-

gresses with continuous melt replenishment, the rate of dissolution of

carbon slows and the meltts carbon concentration decreases. The loca-

tion, size, and density of silicon carbide particles on the ribbon are

determined by the action of the displaced-tip die. There appear to be

threshold conditions below which virtually all carbon which leaves the

solution at the growth interface does so by growing into silicon carbon

aggregates on the low meniscus side of the die. Above this threshold,

the nature of which is not known at present, particle growth occurs on

the high-meniscus side as well.

These assumptions about the importance of the carbon dissolution

rate at the crucible wall in determining carbide particle formation are

substantiated by the outcome of runs 186 and 187. In the first of these,

a previously-used crucible was employed without subjecting it to the

usual etching and halogen baking. Ribbon grown from this crucible, whose

surface already had a stable SiC layer at the outset, was free of carbon

particles on the high-meniscus side over its entire length. A different

crucible variation was employed in multiple run 187: the surface area

in contact with silicon was reduced as much as was practical, by about

1/3 compared with the crucible of similar run 185. Compared with 185,

the method of charging the crucible was also different. Instead of pre-

charging the crucible to its capacity, only a sprinkling of silicon chips

was placed in the crucible. This silicon was melted and allowed to "soak

into" the crucible walls for ½ hour before filling with the melt replen-
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isher and commencing growth. Comparison of Tables III and IV shows that
carbide particle densities fell to an acceptable level much earlier in
run 187. We currently assume that in the long growth runs (e.g., one
week) foreseen for EFGproduction, the worst to be feared is the rejec-
tion of the first few meters of material grown because of high carbide
particle densities. Future advances in crucible materials, die design,
and in understanding furnace chemistry may further reduce the problem.

D. Lon G Growth Run 184

In its initial trial run, the melt feeding unit was found to work

well in its modified form. After a rate of melting into the crucible

equivalent to withdrawal of five ribbons was demonstrated, a decision

was made to continue the single-cartridge growth for a long period, which

turned out to be about 18 hours (39.6 m at 3.6 cm/min). Growth was ex-

tremely stable and was continuous during this period, except for one

freeze after 13 hours. This long period of steady-state growth with

semi-continuous replenishment presented an opportunity to observe the

progression of key ribbon characteristics, namely silicon carbide parti-

cle density, diffusion length, and resistivity, and to test the longevity

of critical components such as die, die heaters, and melting funnel. The

observations made on this run are as follows:

i. Silicon Carbide Particle Densit_

After an initial length of about 2 m of ribbon was grown, sili-

con carbide particle densities on the high-meniscus side fell to _ 5 per

50 cm 2. Counts of particles per 50 cm 2 segment were made on subsequent

ribbon at 50 cm intervals. The distribution of densities is shown in

Fig. 2.

2. Resistivity

Four-point probe resistivity measurements made on this material

demonstrate very uniform values over the total length of the run. These

measurements are interesting principally insofar as they verify that the

quantity of dopant was properly calculated; the intended doping level of

1.0 _-cm was accurately maintained. The method of supplying boron dopant

to a continuously-replenished crucible is to drill holes into the poly-

silicon charge rod, using a tungsten carbide glass drill, and to insert

"Dope Sil" pellets. The concentration and spacing of the pellets are

chosen so that each time about one-fourth the contents of the crucible is

withdrawn and replaced, a pellet is added.
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Table III. Silicon Carbide Particle Densities_ Run 16-185. Percentage
of Ribbon from Each Growth Station Meeting the Criteria of

I0 and _ 3 Particles per 50 cm_.

Particles

Station _ I0
No.

1

2

3

4

5

25%

33%

0

86%

36,%

2
per 50 cm

< 3

0

25%

0

60%

7%

Table IV. Silicon Carbide Particle Densities, Run 16-187. Percentage
of Ribbon from Each Growth Station Meeting the Criteria of
< I0, S 5, and S 3 Particles per 50 cm 2.

2
Particles per 50 cm

Station

No.

1

2

3

4

5

< 10

100%

98%

97%

100%

86%

<_5 <3

99% 91%

93% 83%

93% 80%

99% 90%

78% 68%

2O



Q)
<)

O)

0

0
©

0

_m
E

Z

Number of Particles on Segment

Fig. 2. Silicon carbide particle count per 5 x i0 cm
ribbon segment. 15% sampling of run 16-184.
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3. Diffusion Length

This run was particularly significant in the opportunity pre-

sented to observe the tendency of measured diffusion length to asymptoti-

cally approach a steady-state value. If one assumes that there are two

types of impurity sources present in the growth system, namely those

associated with the beginning of an operating cycle and those which act

continuously during running, then one sees that eventually in long steady-

state running, the latter type of sources predominate. Examples of im-

purity sources associated with start-up of a run cycle are dust particles

which fall in when the furnace is open for loading and surface contamina-

tion of crucible and other parts. Impurity sources which act continu-

ously during the run are those which diffuse out from within various com-

ponents, gas-borne oxides of metal furnace components, surface contamina-

tion of replenishment feed material, and so forth. The diffusion length

measurements presented in Fig. 8 (Section IV) suggest an asymptotic

approach to the range of 20 to 25 microns, which indicates that there are

impurity sources operating continuously in this furnace. The relation-

ships between furnace construction materials, gas flow paths within growth

systems, and ribbon electronic quality are currently under investigation

in Furnace JPL No. I° This work will provide guidance in identifying and

reducing or eliminating these impurity sources.

4. Longevity of Components

No deterioration of growth stability was observed with passage

of time, nor was the functioning of any component impaired. The die

bottom was covered with a thick clump of silicon and silicon carbide

platelets when withdrawn from the furnace, but these did not apparently

degrade growth stability. Dies exposed to silicon for long periods crack

up more severely upon cool-down than dies used in shorter runs, but as

long as they remain at temperature, their dimensions do not perceptibly

change either from warpage or erosion. No repair or replacement of any

other cartridge part was necessary following the run.

E. Multiple Growth Runs 185 and 187

These two runs were conducted similarly except for differences in

crucible design and charging, and the use of a batch of dies which were

more uniformly and accurately machined in the latter run. The through-

put-related performance realized in these runs is presented in Tables V

and VI. Figures for duty rate are based on the following definition:

22



Table V. Furnace 3A Multiple Growth Demonstration Run No. 185.

Station No.

Total Quantity
(meters)

Total Duration of
Growth (minutes)

Percentage of 12-Hour
Run Period* Actually
Growing

Number of Freezes

Longest Duration of
Continuous Growth
(minutes)

Average Growth Rate
(cm/minute)

1

21.6

611

85

3.53

2

22.0

612

85

3.59

588

3

19.5

82

3.32

6

20O

350

4

11.3

49

3

2OO

8

220

Overall Duty Rate .775

4

95

3.22

5

20.7

630

88

3

355

3.28

*See text for definition of run period.
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Table VI. Furnace 3A Multiple Growth Demonstration Run No. 187.

Station No.

Total Quantity
(meters)

Total Duration of
Growth (minutes)

Percentage of 15.5-Hour
Run Period* Actually
Growing

Number of Freezes

Longest Duration of
Continuous Growth
(minutes)

Average Growth Rate
(cm/minute)

1

30.4

910

97.8

3

692

3.34

2

29.6

89O

95.7

5

331

3.33

3

29.9

825

88.7

6

505

3.62

Overall Duty Rate .940

4

31.1

919

98.8

3

490

3.38

5

27.7

829

89.1

4

508

3.34

*See text for definition of run period.
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The run is defined to begin when the operator begins pulling the first

ribbon, and to end when the five growth stations run out of silicon more

or less simultaneously following cessation of replenishment. Thus, the

duty rate does not account for time taken to load and heat up the fur-

nace, or time taken to insert the cartridges. It does account for loss

of production due to initiation of growth of the four ribbons after the

first has been started, and losses due to freezes and equipment malfunc-

tions.

In run 185, the greatest single loss of duty rate was the necessity

to remove one of the cartridges twice, once for replacement of a mis-

machined die, and once to repair the effects of a silicon flood. Simul-

taneous five-ribbon growth was maintained for a total of 180 minutes, or

25% of the run period. No cartridge removal was required in run 187, but

one station was unproductive for a half hour when an electrical connec-

tion became loose, damaging a cartridge heater transformer. Five ribbons

were simultaneously grown during 77% of the run period, including a five

hour period spanning midday during which not a single freeze occurred.

Numerous freezes occurred between the hours of 5 and 7 p.m., suggesting

that the sensitivity of the control systems to power line transients needs

to be reduced.

Two problems detracted from the quality of material from run 185.

Most ribbon grown in the first half of the run bore concentrations of
2

silicon carbide particles greater than ten per 50 cm . These concentra-

tions decreased in monotonic fashion in the second half, and in the case

of three cartridges, eventually fell below the threshold of three per 50

2
cm , as seen in Table III.

A second quality-related problem showed up when resistivity measure-

ments were made on the ribbon produced. The resistivity of ribbon from

each of the five cartridges was, at the run's beginning, about one-half

the 1.0 _-cm target resistivity for which the melt was boron doped. This

low resistivity, which gradually rose as the run progressed, indicates

that the starting charge with which the crucible was filled may have been

contaminated. Resistivity and diffusion length measurements for this run

are presented in Section IV. No other cases of apparent contamination of

the silicon charge have recently occurred in operating this furnace, but

foreign matter was found in samples of the type of silicon used in this

run shortly afterward.

The silicon carbide particle problem was much reduced in run 187,

for reasons already discussed, and over 80% of the "cell blank" segments
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produced meet the criterion of fewer than three particles (Table IV).

Diffusion length and solar cell parameter measurements made on this

material show it to compare favorably with that produced in optimum

single cartridge runs. These data are presented in Section IV. A I0_

sampling of run 187 consisting of 150 "cell blank" pieces 5 cm by I0 cm

was sent to JPL.

The progress made in four multiple ribbon runs this year toward

demonstrating operation at a "production-worthy" level of performance

may be taken as a sign that in most respects the system is quite reliable

and operating procedures are well-defined. With a few detail refinements

and additional manpower, the system could now be run on a routine basis,
2

producing over I00,000 cm of silicon per 24-hour period. At a device

efficiency of 9_c, the corresponding photovoltaic capacity would be ~900

watts per day. An important statistic relating to operation of this

machine is the energy-payback time for the sheet growth process, which is

about 850 hours of AM1 sunlight. (Power consumption of the furnace and

subsystems is 32 kW.) The solar cell efficiency level of 9% is used

here, as it has essentially been demonstrated in high-productivity growth,

but we are quite confident that current and future progress made toward

higher efficiency cells in the work of Furnace JPL No. 1 can be dupli-

cated in multiple production.

F. i0 cm Ribbon Growth Development

Conversion of Furnace 3A for developmental work on the i0 cm car-

tridge entailed replacement of the top half of the hot zone insulation,

the furnace chamber top plate, and substitution of a new cartridge power

supply and puller.

In the first two days' operation of the cartridge, its basic mechan-

ical, electrical, and thermal characteristics were checked, including the

following items:

• Alignments and fits of parts at operating temperature,

• Matching of power supplies to heating elements,

• Voltage drops in power supply cables and connections,

• Temperature of water-cooled structures during operation

(heater block, electrical connectors, cold shoes),

• Temperature profile, and maximum attainable temperature of

afterheater/linear cooling structures.
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Once the cartridge proved satisfactory in these respects, develop-

ment of ribbon growth began.

In its initial stages, growth development consists of the creation

of proper die-top isotherm shapes for stable, full-width growth and con-

trollability during the starting transient. The cartridge-type growth

system permits rapid progress toward correct die-top thermal conditions,

principally by mechanically profiling the three die heaters or substitut-

ing different ones. A die is used during these early stages which is

especially "forgiving" by virtue of its wide top slot and its flat, fea-

tureless top (no bulbs or displacement). The shape of the liquid-solid

interface formed with a constant-thickness seed, the tendency of ribbon

to spread over various portions of the die, and the thickness profile of

grown ribbon are used as indicators of isotherm shape.

On the third and fourth days' work with the new cartridge, three

modifications were made to the heaters, the last of which permitted con-

trollable spreading to 10.75 cm width. After some special constant-

thickness, full-width seeds were grown on the fifth day, a run was made

in which over 80% of the 4.3 meters grown was over I0 cm wide. The

photograph of Fig. 3 was taken during this run.

The goal of the current development work on Furnace 3A is to achieve

i0 cm wide growth which is equivalent or superior to recent 5 cm growth

in regard to ribbon thickness, flatness, stability, growth rate, and

silicon carbide particle density on the high-meniscus side. To achieve

this condition, the following features remain to be integrated into oper-

ation of the cartridge:

• Narrower die top (from the current .064 cm down to about .04
cm),

• Bulbous ends or equivalent edge-stabilizing feature on die
top,

• Displaced-tip die,

• Use of replenishment system.

The cartridge must also be assembled using halogen-baked graphite parts

before ribbon material with photovoltaic properties comparable to recent

5 cm ribbon can be grown.

We plan, by year's end, to outfit Furnace 3A with two additional

cartridge systems and demonstrate high duty-rate multiple growth. Within

the coming quarter, Furnaces JPL No. 1 and No. 17 will be converted for

developmental work on the I0 cm cartridge in the areas of higher growth
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Fig. 3. I0 cm wide ribbon emerging from the top of Furnace 3A
during recent startup runs with the first I0 cm width
cartridge.
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rate, improved electronic quality, and automatic control of growth. Due
to the commonality of basic growth systems of all three furnaces, improve-
ments arising from work in one of the single-station developmental fur-
naces will be more directly applicable to the current multiple furnace
and its successor than in the past.
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IV. CELL AND MATERIALS CHARACTERIZATION

A. Cell Characterization and Methods Development by C.T. Ho

i. Introduction

During this quarter, all solar cell fabrication was by the

"modified standard" process, which some time ago was shown to be the pre-

ferable alternative to the "standard process. ''(2) The process differs

from the standard process only in that it uses a CVD diffusion step to

form the N + junction. All other steps are the same as in the standard

process.

The standard mask used for the 5 x I0 cm 2 cells has 40 fingers and

a bus bar along one of the long sides (Fig. 4). It is obvious, then,

that a compromise must be sought in terms of finger/bus bar resistance

vs. metal coverage. The general principles of how we arrived at the

current optimization have been published previously. (3) Table VII shows

the comparison of the loss factors associated with the grid design for

the 2.5 x i0 cm 2 (nominal) cell and the 5 x I0 cm 2 (nominal) cell. As

can be seen, the grid design for the larger cell compromises in terms of

resistance in order to keep shadowing losses of the metallization low.

Actual measurements on the grids, however, revealed an increased resis-

tance of the metallization over the design, and, particularly, an in-

creased and variable metal coverage, which is probably due to the fact

that the large cell blanks are not perfectly flat. The metal masks are,

therefore, spaced above the silicon piece over wide areas which causes

spreading of the metal fingers. Also, on inspection, the masks were

found to be no longer in perfect condition and a new set of masks has to

be ordered.

Under these circumstances, solar cells fabricated from material

grown in the multiple growth system are obtained with an average conver-

sion efficiency of ~9%. From material grown in Station I, large area
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Fig. 4.
2The standard 5 x I0 cm solar cell configuration used to

evaluate material grown in both Furnace No. 1 and No. 3A.
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(57.7 cm 2) cells with efficiencies over II_ have been achieved.

results are described in more detail below.

These

2. Multiple Growth Furnace

Two solar cell fabrication runs for the ribbons grown from the

multiple growth furnace have been completed. The first was made with

material from test run 16-184, a single-cartridge run which lasted a

total of 18 hours. The second batch of cells was prepared from the

demonstration run 16-187, in which ribbons were grown from five car-

tridges simultaneously under continuous melt replenishment.

The solar cell output data under AM1 simulation measurements are

summarized in Table VIII. Cells from run 16-184 show an average conver-

• 8/0. The cell properties appear to be limited bysion efficiency of 7 2 _

the bulk diffusion lengths which were measured as 11 to 14 _m in typical

samples. However, the results for the multiple growth run 16-187 show

definite improvements in the photovoltaic performance. The bulk diffu-

sion lengths, as discussed, were found to be 17 to 26 _m. The overall

conversion efficiency is 8.7% with Cartridge No. 3 producing an average

efficiency of 9.1%. Although the numbers of all processed cells are not

sufficient statistically to provide a basis for making distinctions about

the quality of the ribbon produced by each cartridge, the results clearly

demonstrate that high throughput ribbon growth using the multiple growth

furnace can at present produce solar cells of about 9% efficiency.

3. Cells from System No. 1

A series of growth experiments have been conducted in the JPL

System No. I. The results for the solar cell evaluation of these experi-

ments can be grouped into the following categories: (a) die capillary

and crucible type experiments, and (b) gas ambient experiments.

a. Die Capillary and Crucible Type Experiments

In these experiments, the die capillary design (central

capillary, saw cut, and central open channel) and the crucible type

(quartz and graphite) were chosen as the experimental variables. All the

runs were made with displaced dies except run 119. The solar cell per-

formance data, including the growth parameters, for the completed runs

are shown in Table IX. Cell conversion efficiencies for the various

growth runs fluctuate between 5.6 and 6.2% (not AR coated), or 8.1 to

9.0% if AR coated. In run 18-133, the photovoltaic parameters in J so'
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Table VIII. Summaryof Solar Cell Data for
Furnace No. 3A. All Cell Area
Coated. ELH Light i00 mW/cm2.

Ribbons Grown from
= 44.1 cm2 and AR
28°C.

Cell No.

184-1
-2
-3
-4
-5
-6
-7
-8
-9
-I0
-II
-12
-13
-14
-15
-16
-17
-18
-19
-20

Average

J
sc 2

(mA/cm)
21.36
22.35
21.92
21.93
18.99
23.43
21.73
22.28
22.29
21.89
22.34
21.53
22.02
21.99
21.43
22.50
22.68
22.39
21.57
23.46

22.0

V
oc

(Volt)

0.526

0.523

0.523

0.525

0.491

0.523

0.518

0.514

0.516

0.515

0.520

0.512

0.525

0.522

0.520

0.523

0.526

0.524

0.514

0.533

0.520

FF n

(_)

0.634 7.13

O. 625 7.30

0.643 7.36

0.682 7.85

0.645 6.01

O.630 7.71

0.621 6.98

0.611 6.99

0.621 7.14

0.628 7.08

0.633 7.35

0.629 6.93

0.608 7.02

O. 599 6.88

0.628 6.99

0.611 7.19

0. 686 8.18

0.660 7.75

0.645 7.15

0.682 8.52

0.636 7.28

Notes

Single Cartridge Run

Continued ...

35



Table VIII. (Continued).

Cell No.

187-1-1

-2

-3

-4

-5

-6

-7

-8

-9

Average

187-3-1

-2

-3

-4

-5

Average

187-4-1

-2

-3

-4

-5

-6

-7

-8

Average

187-5-1

J V FF _ Notes
sc 2 oc

(mA/cm) (Volt) (%)

23.30 0.527 0.699 8.63

23.20 0.531 0.695 8.56

22.79 0.531 0.673 8.15

23.26 0.536 0.687 8.56

24.43 0.545 0.713 9.49 Cartridge No. 1

22.97 0.534 0.730 8.96

23.00 0.538 0.718 8.89

23.75 0.533 0.651 8.24

23.18 0.532 0.700 8.63

23.32 0.534 0.696 8.68

23.37 0.531 0.731 9.06

23.89 0.536 0.705 9.03

23.67 0.541 0.711 9.12 Cartridge No. 3

23.90 0.535 0.694 8.86

23.14 0.542 0.729 9.54

23.79 0.537 0.714 9.12

22.64 0.523 0.689 8.15

23.14 0.528 0.684 8.37

23.54 0.530 0.701 8.74

22.77 0.534 0.736 8.96
Cartridge No. 4

23.39 0.526 0.665 8.19

22.74 0.529 0.716 8.62

23.41 0.536 0.706 8.86

22.56 0.536 0.706 8.53

23.02 0.530 0.70 8.55

23.74 0.534 0.672 8.52 Cartridge No. 5
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Table IX. Summary of Solar Cell Data for Ribbons Grown from
Furnace No. i. All Cell Areas _ 45 cm 2. ELH Light

I00 mW/cm 2. 28°C.

Cell No.

18-].17-1
-2
-3

Average

18-118-1
-2

-3

Average

Average

18-121-1
-2
-3
-4

Average

18-123-1
-2
-3
-4

Average

18-125-1
-2
-3

Average

18-126-1

-2

-3

Average

18-133-i

-2

-3
-4

Average

GrowLh J
sc 2

Conditions . ,(mA/c m )

Graphite Crucible
Displaced Die
Central Channel

Graphite Crucible
Displaced Die
Central Channel

Graphite Crucible
Flat Die
Central Channel

18.04
17.04
17.70

17.59

17.70
17.31
17.59

17.53

17.92
15.93

16.93

V FF n L
oc n

(Volt) (%) (pm)

.530 .686 6.56

.515 .612 5.37 26

.506 .694 6.22

.517 .664 6.05

.523 .681 6.30

.520 .638 5.74 25
.530 .70 6.52

.524 .673 6.19

.521 .633 5.91 19

.512 .650 5.30

.517 .642 5.61

Graphite Crucible
Displaced Die
Open Channel

Quartz Crucible

Displaced Die
Open Channel

Graphite Crucible
Displaced Die
Open Channel

Quartz Crucible
Displaced Die
Open Channel

Graphite Crucible
Displaced Die
Open Channel

17.50
16.74
15.24
17.74

16.81

15.95
17.34
17.34
17.97

17.15

18.81
16.48
17.56

17.62

16.79

, 18.07
17.46

17.44

26.92
26.08
26.97
26.01

26.50

.503 .651 5.73

.501 •686 5.76

.496 .710 5.37

.510 .662 6.00

. 503 . 677 5.72

.524

.506

.526

.531

.522

.501

.525

.492

.506

.664 5.55

.550 4.83

.633 5.77
.669 6.38

.629 5.63

.683 6.43
.666 5.76
.644 5.56

.664 5.92

.522 .642 5.63

.531 .674 6.47

.531 .683 6.33

.528 .666 6.14

• 552
.549
.551
.545

• 549

.646 9.61

.651 9.32

.650 9.65

.606 8.58

.638 9.29

22

24

26

24

32

Note

No AR

Coating

AR Coated
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Voc , and L n were distinctively higher than the other runs. It is not

certain, though, which growth parameters of that run are responsible for

the favorable results, because both runs 121 and 125 used similar growth

conditions with far less favorable results in terms of solar cell outputs.

Thus, a definite optimum choice of die design or crucible type to improve

the ribbon quality could not be established in these experiments.

b. Ambient Gas Experiments

Several experimental growth runs (143 through 150) have

been made with the ambient carrier gas either reduced or completely shut

off during the growth (see Section I for details). Ribbon samples from

runs 143, 148 and 150 were selected and processed into solar cells. In

Table X the solar cells fabricated from these three runs are numbered in

ascending order as the ambient gas flow was gradually reduced. For run

143, there is a clear trend in terms of improved photovoltaic properties

when the carrier gas flow is diminishing. In runs 148 and 150, the trend

was not so well defined. However, the significant result of these ex-

periments is that cell conversion efficiencies around 11% have now been

realized in very large area EFG cells, although the mechanisms by which

this "gas flow" phenomenon affects the electronic properties of the rib-

bon are still quite unknown at this time.

4. Influence of Measurement Method on Cell Efficiency

Some time ago, Mobil Tyco adopted a policy to obtain efficiency

measurements on its 2.5 x i0 cm 2 cells by using six equally spaced probes

along the bus bar. These probes were short-circuited externally to the

bus bar and served as simultaneous current and voltage sensors.

This measurement technique, which is contrary to the rest of the in-

dustry but is felt to be more conservative (because it is likely to pro-

duce lower numerical results for the fill factors), was adopted for two

reasons.

Firstly, we felt that such a measurement would more closely approxi-

mate the situation which is obtained when single cells are interconnected

into strings, i.e., by including some probe resistances into the measure-

ment circuit, one might approximate resistances which would be introduced

into a cell string by the interconnecting straps.

Secondly, it was found that for cells with significant bus bar re-

sistance, the fill factor can depend on the distance between the current

and voltage probes, if these are kept separate, as in the standard measure-
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Table X. Summary of Solar Cell Data for Ribbons Grown

from Furnace 18 During Recent Ambient Gas Ex-

periments. Cells are Nominally 5 cm x I0 cm,
Areas in cm 2 are Given in Table. Processed

Using Hybrid Process. AR Coated.

Cell No. Area I V

rv 2 oc
(cm 2) (mA/cm) (V)

143-2 44.48 O. 166 0.548

-4 44.48 0.203 0.552

-5 44.48 0.535 0.550

-7 44.48 0.350 0.561

148-3 44.48 0.203 0.555

-4 44.48 0. 147 0.553

-5 44.48 0. 147 0.549

-5 44.48 0.004 0.556

-6 44.48 0.004 0.556

150-i 57.71 0.753 0.559

-2 57.71 2.330 0.553

-3 57.71 1.023 0.569

-4 46.73 0.281 0.565

-5 46.90 0.472 0.561

-6 57.71 0.298 0.564

-7 57.71 0.398 0.570

-8 57.71 0.469 0.565

-9 57.71 0.824 0.566

-i0 57.71 1.577 0.568

-ll 57.71 0.426 0.570

-12 57.71 1.876 0.564

-13 57.71 1.165 0.563

-14 57.71 0.455 0.558

-15 57.71 0.199 0.558

I I

p sc 2
(mA) (mA/cm)

888.2 22.38

969.8 24.00

1041.9 25.54

1082.9 26.19

I010.5 25.74

1030.5 24.88

1035.1 25.21

1066.3 25.77

1078.3 25.85

1342.3 25.94

1158.0 23.30

1334.4 26.27

1131.1 27.36

Ii17.7 26.68

1298.6 25.64

1374.9 26.13

1383.1 26.99

1369.4 26.39

1297.5 26.51

1382.7 26.51

1230.8 24.95

1270.7 25.72

1350.0 25.92

1198.0 25.34

FF

0.741 9. I0

0.751 9.94

0. 763 i0.72

0.778 11.43

0. 750 I0.72

0.792 10.91

0. 762 10.54

0.778 11.15

0.781 11.21

0.731 10.59

0.705 9.08

0.712 10.63

0.744 11.49

0.712 10.65

0. 730 10.54

0.744 11.07

0. 707 10.79

0.716 10.68

0. 704 I0.60

0.746 11.28

0. 700 9.84

0.715 10.35

0. 729 I0.54

0.648 9.16
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ments. As an example, in Fig. 5 measurement results are shown for the

fill factor as a function of the voltage and current probe spacing for

two commercial 6 x 2 cm 2 CZ solar cells using two connection schemes,

i.e., the current probes are either separated or shorted together. It is

clearly indicated that in this case, with the two probes separated, the

measured FF increases as much as ~10% for large probe spacings. However,

the bus bar resistance in this case also is rather high.

From an analytic point of view, the problem can be seen to be due to

the incremental voltage drop along the bus bar which is

dV(X)
d_ = pI(X),

where p is the resistance per linear length of the bus bar. Since the

collected photocurrent, I(X), is also position dependent, the above

equation can be expressed in terms of the photovoltaic current, Ip(X),

dX 2 sc o "

W = cell width,

Isc cell short circuit current,

I = cell dark reverse current.
o

Then, the voltage-current relation as a function of position could be

determined exactly by solving the above equation numerically.

However, let us consider a worst case situation, in which we assume

for simplicity that the maximum collected current flowing along the bus

bar is the total cell short circuit current, or I = I The solu-
pmax sc"

tion of the above equation can then be much simplified:

= X 2 + V o ,v(x) ½pWlsc

or AV(X) = ½oWl X2.
sc

Finally, the increment of fill factor, FF, as a function of position for

this "worst case" can be approximated as

A(FF) _ _ = ½0W[w-x-x}X 2.
Voc Voc!

4O
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Fig. 5. Empirical result of fill factor as a function of the voltage
and current probe spacing on two commercial CZ cells. The
measurement was made with two connection schemes: (I) probes

are separated, and (2) probes are shorted. The cell size is
6 cm x 2 cm with the bus bar resistance _ 0.04 _/cm.
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2
For a typical 5 x I0 cm ribbon cell under AM1 conditions (Isc _ 1.3

amps, Voc _ 0.55 V, and W : 5 cm), we plot the calculated percentage in-

crease in FF as a function of probe spacing for a worst case situation,

as shown in Fig. 6. In our solar simulation measurement setup, the

spacing between the current collector probes and the voltage sensing

probe is 1.5 cm. Thus, for the bus bar resistances we usually see in
2

our 5 x I0 cm cells, as indicated by the arrow in Fig. 6, the measured

difference between the two probe connection schemes could reach perhaps

~4% for this worst case estimate and the extremes of bus bar resistances.

Thus, when very large area cells are used (such as our present 5 x
2

I0 cm size), measurements with the shorted probes do indeed appear to be

unduly conservative since a significant apparent loss of fill factor

occurs. This is due to the fact that the series resistance of the probes

and wires (up to the shorting point) which connect the bus bar with the

measuring circuit is between 0.02 and 0.05 _ in our measuring system.

This resistance is an actual one (i.e.p contact resistances are not in-

cluded yet), while checking to ensure that each probe indeed made proper

contact. Under the usual measurement conditions, this is not likely to

be always the case, so the losses calculated here are probably minimum.

The loss due to the probe resistance is then calculated by introducing a

series resistance into a model which includes the distributed nature of

an actual solar cell as presented in Ref. (3). Figure 7 presents the

general result, and the cross-hatched area indicates the resistance

specific to our case. Note that as the cells produce more current (i.e.,

have higher efficiencies), the slope of these lines would increase and

the error would get correspondingly larger. It is clear, then, that for

our large area cells, the likelihood of significantly understating the

fill factor when measuring with shorted probes is quite high, whereas

the danger of overstating it due to excessively large separations and

resistances between the voltage and the adjacent current probes is rela-

tively low.

In the future, therefore, we will perform all efficiency measurements

with separate current and voltage probes using the present 1.5 cm spacing

between the first pair, and these will be the efficiencies reported.

In this report, the efficiencies of cells made earlier, such as those

from runs 16-184, 16-187, and all runs from JPL No. 1 up to 18-142 which

are presented in Tables VIII and IX, respectively, have been measured

using the setup with the probes shorted. The results on 18-143, 148 and

150 in Table X, which have been measured more recently, were obtained with

a separate voltage probe, 1.5 cm distant from the nearest current probes.
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B. Materials Characterization by J.F. Long and M.C. Cretella

I. Electrical Measurements

Among the series of growth parameter experiments performed

this quarter in Furnace No. I, increases in material quality, as re-

flected by average minority carrier diffusion lengths, appear to have

been realized within a matrix of main zone gas purge experiments. Table

XI presents all growth run averages.

Although no gains were realized in Furnace No. 3, the previous

highest single ribbon growth run average diffusion length (~24 _m) was

closely approached over the entirety of the latest multiple growth run

for all five cartridges. All diffusion lengths have been reduced via the

new data reduction program.

2. Furnace No. 1

a. Cold Shoe Experiment

Two runs early this quarter completed the third series of

clean runs initiated last quarter. Run 18-137 was grown without a cold

shoe, while run 18-138 utilized a molybdenum cold shoe. The diffusion

length averages (18.4 and 18.6 _m, respectively) reinforce the conclusion

that such changes have no first order effects on material quality at this

level of performance.

b. Baseline Run

A single baseline run was undertaken this quarter under

standard experimental system conditions. Run 18-142 had an average dif-

fusion length at 21.7 _m, which had been typical of Furnace No. 1 mate-

rial performance up to that point.

c. Die Top Modification Experiments

Runs 18-141, 144, and 146 all utilized dies which were

modifications of the standard displaced die. The dies used for runs 141

and 144 both had nonuniform top slot widths and were radiused 127 and

63.5 cm, respectively. The die used for run 146 was uniform in top slot

width, and was radiused 63.5 cm. The diffusion length averages (22.3 _m,

20.6 _m, and 25.5 _m) do not indicate any advantage to either of the two

parameter modifications in terms of material quality enhancement. Addi-

tional runs of this nature are planned.
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Table XI. Minority Carrier Diffusion Length Averages
for Runs done in JPL No. i.

Run No. LD Main Zone Argon
(pm) Purge Rate

18-137 18.4 i0 I/min
18-138 18.6 I0 //min

18-140" 26.5 Variable

18-141 22.3 I0 //min

18-142 21.7 i0 //min

18-143" 24,4 Variable

18-144 20.6 I0 //min

18-145" 15.7 Variable

18-146 25.5 i0 //min

18-147"* 34.4 ~0

18-148" 25.5 Variable

18-149" 29.4 Variable

18-150"* 36.5 ~0

18-151 35.2 2 I/min

18-152 % 25,4 2 I/min

*These runs were done under conditions of varying argon purge rates
and surface film in which steady-state conditions were not gener-
ally achieved. See discussion in text and Table XII.

**These runs were characterized by a continued buildup of film during
the course of the run.

%This run utilized a die without a displacement.
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d. Main Zone Purge Gas Experiments

Nine runs of a purge gas experimental matrix were charac-

terized this quarter. These runs were 18-140, 143, 145, 147, 148, 149,

150, 151, and 152. Decreases in the main zone purge have been observed

to cause the buildup of a surface film. However, this film completely

etches away in the first ten or so seconds of the standard 90 second

4:0:1 etch that is performed prior to Schottky barrier fabrication. Dif-

fusion length averages in the 30 to 40 _m range were observed for three

runs at low or zero flow rates (18-147, 150 and 151). Further, within

run 18-148, in which the flow rate was gradually reduced to zero with an

accompanying buildup of film, the sample diffusion length averages were

seen to steadily increase (Table XII(a)). The diffusion lengths in run

18-150 represent a new high level for as-grown material from Furnace No. 1

(Table XII(b)).

3. Furnace No. 3A

The series of runs characterized this quarter included 16-181,

184, 185, 186, and 187. Run 16-181 was a developmental run in which

clean procedures were not observed. The material was found to possess

high SiC densities on both "A" and "B" surfaces. Minority carrier diffu-

sion lengths were low as well (LD = 7.1 _m).

Run 16-184 was a single cartridge run which employed melt replenish-

ment over an 18 hour period. Four-point probe resistivity measurements

indicated an average of I.I _-cm, with only minor deviation as a function

of run time, which indicates that the current scheme of periodic inser-

tion of dopant pellets in the charge rods is successful. Diffusion

lengths appeared to rise slightly as a function of run time (Fig. 8), and

the average for the run (19.2 _m) is comparable to prior achievements with

the old, short hot zone.

Run 16-185 was a multiple ribbon growth run. Material from each of

the five cartridges was examinedp with samples selected every hour for

seven hours of run time. Four-point probe measurements showed anoma-

lously low resistivity values for each cartridge (about .4 to .7 _-cm)

which rose steadily to about 1 _-cm as a function of time (Fig. 9). The

solid charge used at the beginning of the run was augmented with silicon

chips, the chemical purity of which has recently been questioned. Pre-

suming no error in the initial doping, it is possible that these chips

served as a source of contamination which was later diluted by replenish-

ment. Minority carrier diffusion lengths also indicate an upward trend
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Table XII. Examples of Diffusion Length Variations During
Runs with Main Zone Argon Purge Rate Experi-
mentation.

a. Variable Purge Rate Experiment

Ribbon No.

18-148-2

-3

-4

-5

-6

-7

-8

Purge Rate
(//min)

8

8

4

2

0

0

8

Film Condition L D

(_m)

None 17.5

None 19.5

None 26.1

Very Light 24.4

Light 27.5

Moderate 35.2

None 29.0

b. Zero Purge Rate

Ribbon No.

18-150-1

-2

-3

-4

-5

-6

Time from
Start of Growth

(hours)

Film Condition

Light

Moderate

2.5 --

3.5 -

4.5 -

5 -

3°5

4.5

5

5.5

Moderate

Moderate

Heavy

Heavy

L D

(_m)

35.1

52.3

39.7

33.2

29.4

29.1
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with time (Fig. I0), which lends support to this possibility. "A" (high
meniscus side) surface SiC particle densities were found to drop very
sharply as a function of time as well (Fig. II).

Run 16-186 was a single-cartridge run which employed a previously
used crucible. It was thought that the incidence of SiC particle inclu-
sion could be lowered if carbon could be prevented from dissolving into
the melt; hence a crucible was used which had been SiC-coated via pre-
vious use (see Section III).

The highest "A" surface SiC particle density observed for six
samples examined was .16/cm 2. Further, all but one of the particles were
located within 2 mmof the sample edge. The average minority carrier
diffusion length (17.7 _m) was not depressed, in spite of the employment
of a used crucible which had not been handled in a strictly clean fashion.

Run 16-187 was undoubtedly the most successful multiple run to date.
Samples from all five cartridges (a total of 47) were examined for diffu-
sion length. Cartridge averages were fairly tightly distributed (19.7 _m
to 24.4 _m); the run overall average (21.3 _m) was very close to the op-
timum observed for this system in single-cartridge mode (about 24 _m), and
no degradation with time was observed for any of the cartridges (Fig. 12).

C. Microscopic Crystallographic and Chemical Studies on Ribbons from
the "Gas Flow" Experiments

As mentioned above, as the argon gas flow inside the growth station

(Furnace No. I) is reduced, a film begins to appear as the first visible

sign of a change in growth conditions. At the same time, on both sides of

the ribbon, the surface becomes completely clear of discrete SiC parti-

cles. This film, which becomes thicker with decreasing gas flow_ has been

identified using IR spectroscopy as a mixture of primarily SiC with some

SiO x. The IR spectra were taken of both a low and a high gas flow sample

before and after etching. The absorption peaks observed before etching
-i

for the low gas flow included one at 790 cm , associated with Si-C bonds,
-I

and a small peak at II00 cm , associated with Si-O bonding. After etch-
-I -I

ing, the peak at 790 cm is absent and the absorption at the Ii00 cm

peak is slightly diminished. For the high gas flow sample before etching,
-i

no peak was observed at 790 cm and a small peak was observed at ii00
-1 -1

cm . After etching, no change is observed in the peak at Ii00 cm .

Additionally, photomicrographs of the filmed sample show a uniform cover-

age of the surface which appears to include two distinct features. One

feature indicated in the photomicrograph of Fig. 13(a) is dispersed in

the other which is a dendritic-like matrix. Soaking of the sample in 20%
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HF (a solvent for SiO x) for 48 hours left only the dendritic film struc-

ture shown in Fig. 13(b). Sections of the film, which detached from the

surface during dissolution, gave the X-ray diffraction pattern of SiC.

The surface of the silicon where the film had sloughed off was uniformly

micropitted as shown in Fig. 13(c). Hence, one general conclusion might

be that the reduction in gas flow somehow affects the nucleation of SiC,

i.e., its nucleation frequency is now increased to such an extent that a

SiC film is formed instead of the much larger SiC particles which are

usually seen on the ribbon. An investigation of the response of the

cross-sectional structure to the reduced gas flow reveals an apparent

development (whether in distinct stages or continuous, we cannot yet say)

from the typical, somewhat disrupted, structure of the normal ribbon

grown from this station (JPL No. I) (Fig. 14(a)) to the much cleaner

structure (Fig. 14(b)) which has been usually associated with 2.5 cm wide

ribbon grown in RF heated machines. This, then, is the cross-sectional

manifestation of the structure that has become known as the "equilibrium

defect structure" of EFG ribbon. (4)

However, in the extremes of the growth conditions, which always im-

ply the presence of a heavy surface film so far, we obtained structures

distinctly different (Fig. 14(c)). This becomes even more apparent when

we examine the surface structure of etched ribbon segments (Fig. 15).

Here we have developed very large (5 mm wide, ]0 to 20 cm long) grains

(Fig. 15(b)), which may or may not be bounded by twins and may or may not

be aligned with the growth axis. This, obviously, is no longer an "equi-

librium defect structures" (Fig. 15(a)).

Hence, these experiments demonstrate for the first time that there

exist conditions under which a ribbon containing the "equilibrium defect

structure" can be converted into a very large grained polycrystalline

silicon sheet during EFG growth. Thus, these experiments open up the

possibility of producing single crystalline EFG ribbon from carbon cruci-

bles and dies in the future.
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(a)

(b)

(c)

Fig. 14. Cross sections of silicon ribbon which have been syton-

polished and etched in the Sirtl etchant. (a) Cross-
sectional structure shown is typical of normal ribbon

grown with standard gas flow. (b) Cross-sectional
structure shown is typical of equilibrium defect struc-
ture and was obtained from samples of ribbon grown at
reduced gas flow. (c) Cross section of large grain ob-
tained in ribbon grown at much reduced gas flow; heavy
film growth had occurred. Mag. 45X.
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(a)

(b)

Fig. 15. Surface structure of ribbon segments etched in 30%
KOH solution to remove surface film and reveal

grain structure. (a) Typical equilibrium defect
structure, grown with reduced gas flow and associ-
ated moderate surface film. (b) Large single
crystal grain growth developed at very much reduced
gas flows with heavy surface film growth. Mag. -.9X.
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V. MACHINE 17 by E. Sachs and A. Menna

A. Overview

In this section, we will summarize the first series of experimental

runs relating to stress studies and the conclusions based on them. Also,

a detailed study of the dynamic response of an EFG system to various

possible control inputs has been completed now. This work is summarized

in the form of a preprint as Appendix 7 to this report and is, therefore,

not further discussed in this section.

B. Experimental Studies and Conclusions on Stress in Ribbon

The experimental program is comprised of 17 runs to date done over

the course of three months. The first ten of these were performed on a

system with no cold shoe, while a mini cold shoe was used on the last

seven of these runs.

I. Runs Without the Cold Shoe

As described previously, it has been suggested that the elastic

strain field caused by a curvature of the vertical temperature profile

could be counteracted by appropriate shaping of the horizontal isotherms.

The primary goal of the experiments conducted on the system without the

cold shoe was to investigate this hypothesis.

It was intended to quantify first the stress levels resulting from

a system with basically horizontal isotherms for a series of afterheater

temperatures. Thus, the first seven of the ten runs in this series were

done on identical systems, all with uniformly heated afterheaters. The

only difference from run-to-run was the afterheater thermocouple setting,

which ranged from I015°C to i170°C. This series of runs was also used to

evaluate the stress measurement technique described earlier.

It was found that correlation did exist between afterheater setting

and ribbon stress level. Any setting below I015°C made it impossible to
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grow whole ribbon -- it would invariably split in the belt puller. As

the temperature was increased, the stress levels decreased in a repeat-

able fashion, the ribbon grown at ll70°C having no apparent stress. The

relative measurement of stress is based on two factors: (i) breakage

and handling, and (ii) central scribe and split technique.

As noted above, detailed stress measurements are being made all

through this series of runs, especially by the multiple cut and split

technique. Unfortunately, as noted in the previous section, these

measurements are of questionable validity and, in general, did not seem

to indicate the large differences in stress being observed by the more

elementary approaches.

In the last three of the no-cold shoe experiments, the heating ele-

ment in the afterheater was reshaped to yield heating preferential to

the center (experiments 8 and 9) and preferential to the edges (experi-

ment I0) in order to evaluate the effect of horizontal isotherm shape.

In the first case, the reshaped heater yielded twice the power dissipa-

tion in the central 3.2 cm of the 7.6 cm afterheater, while in the second

case the power dissipation was twice as great for the outer 2.5 cm length

as compared with the center length.

The experiments with the preferentially center-heated afterheater

seemed to indicate slightly lower stress levels for the same afterheater

thermocouple setting than in the case of a uniformly heated afterheater.

In fact, the second of these was done with the afterheater at 970°C.

While this ribbon was highly stressed, it did at least emerge unbroken.

The experiment with the preferentially edge-heated afterheater was car-

ried out at an afterheater setting of I015°C. The stress level observed

was perhaps slightly higher than that seen for a uniformly heated after-

heater.

The theory would indicate that the center-heated afterheater (con-

cave down horizontal isotherms) should ameliorate the stress, while the

edge-heated afterheater should exacerbate it. While the results did seem

to indicate agreement, the differences noted in stress level were just

too small to be meaningful. It should be noted, however, that the pre-

ferential heating did indeed have an effect all the way down to the inter-

face, as the interface shape was considerably affected. In fact, growth

with the center-heated afterheater was considerably easier than with the

edge-heated device.

2. Runs with the Cold Shoe

As little effect on stress levels was observed with rather
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large changes in horizontal profile, it was felt that perhaps it was nec-

essary to grow in a higher speed range (with a cold shoe) in order to see

more profound effects.

In the first of the seven growth runs made with the mini cold shoe,

the two halves of the shoe were configured to introduce gas differently

to the ribbon surface. One half distributed the gas uniformly across

the ribbon width, while the other half was blocked off in the center, and

introduced gas only at the ribbon edges. Switching the same volume flow

rate of gas from the front shoe to the rear allowed for a rapid change

in horizontal cooling profile. Growth was carried out at approximately

3.5 cm/min, and the gas was switched from one side to the other, compen-

sating for the changed interface shape with the end heaters. No differ-

ence was noted in the stress level or non-flatness of the resultant rib-

bon. However, the stress level was low, and perhaps did not allow for

much improvement.

The second of the seven experiments was designed to assess the im-

portance of residence time in a given thermal profile. After ~I meter

of growth, grown at ~3.5 cm/min, the growth speed was lowered to ~2 cm/

min, thus allowing for more residence time. The uniformly heated after-

heater was kept at I070°C, and the cold shoe gas flow was uniformly dis-

tributed. Little difference was noted in stress level. Possibly again

there was insufficient room for improvement.

The last five runs were all attempts to simply grow fast, wide flat

ribbon. The speed was successively increased by using a bulbous die for

the last three runs and thinning the die top down. The result was that

in the last run, 7 cm wide, .02 to .03 cm thick ribbon was grown at 5.0

cm/min. It was found to be minimally stressed and fairly flat. The de-

viations from flatness were long in wavelength (not abrupt buckles), and

corresponded largely to the area between the guide ribs in the after-

heater plates. Finally, it should be noted that several of these runs

produced ribbon which, when split_ demonstrated a tendency to overlap,

the opposite of the more common tendency. This might prove to be a good

point of departure for future stress studies.
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APPENDICES

I. Updated Program Plan

The program plan shown previously is still in effect.

2. Man Hours and Costs

Previous cumulative man hours were 67,640 and cost plus fixed

fee was $2,367,186 through the first quarter of 1979. Man hours for the

second quarter of 1979 are 5,404 and cost plus fixed fee is $210,435.

Therefore, total cumulative man hours and cost plus fixed fee through

June 1979 are 73,044 and $2,577,621, respectively.

3. Engineering Drawings and Sketches Generated During the Reporting
Period

4e

None.

Summary of Characterization Data Generated During the Reporting
Period

These data are contained in Section IV. Note that large area

(~50 cm 2) cells are reported which have efficiencies over 11% (AM1).

Also note in particular the discussion on methods of cell efficiency

measurement appropriate for large cells and the change in method made.

5. Action Items Required by JPL

None.

6. New Technology

New technology is being separately reported, pending possible

patent applications.

7. Other

Preprint: "EFG Dynamics as Related to Automatic Controls De-

velopment," by E. Sachs.
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INTRODUCTION

In the growth of ribbon by the EFG process, the geometry of

the grown crystal is determined by the meniscus height across the

width of the ribbon and the position of the ribbon edges. It is

therefore necessary to control these geometric parameters during

growth in order toproduce ribbon of uniform thickness and width.

Fundamentally, this control is exercised by modifying the

temperature field of the die and other growth parameters, notably

the pulling speed. In one method, the temperature field of the die

is modified by three independent resistance heaters, one along the

length of the die and one at each die edge. In such an arrangement,

the meniscus height along the width is largely determined by the

power dissipated by the full length die heater and the pulling

speed. The position of the edges is determined by a more compli-

cated interaction of speed, die shaping, meniscus height at the

edge, and edge die heater power levels. This paper will be primar-

ily concerned with the meniscus height along the ribbon width.

Traditionally, meniscus height is controlled by selecting a

pulling speed and varying the die heater power level to establish

the proper meniscus height. The die heater power level is not

controlled directly by the meniscus height, but rather by a ther-

mocouple near the die which provides an analogue measurement of

the die temperature. Raising the temperature set point of this

thermocouple increases the average die heater power level and

raises the meniscus. However, it is the operator who must deter-

mine by visual observation whether the meniscus height is accep-

table, too high or too low, and make appropriate changes to the

temperature set point of the die heater controller. Thus, while

the die heater is operating in a closed loop mode based on a tem-

perature measurement, it is the operator who must finally close

the control loop by visual observation.



A more direct control system would control die heater power

and pulling speed by direct measurement of the meniscus height.

Such a control system would obviate the need for operator inter-

vention and improve the immunity of the system to transients,

and other external factors. It is the consideration of such a

control system which prompts this investigation.

However, the proper design of any control system, whether it

is temperature or meniscus height based, is predicated on an under-

standing of the system being controlled. A thorough understanding

and modeling of the dynamics of the system will make possible the

design of an optimal control system as well as point out how the

system might be modified to improve its performance.

ELEMENTS OF THE CONTROL SYSTEM

Figure 1 presents two schematic block diagrams of a meniscus

height control system based on direct measurement of meniscus

height; Fig. l(a) relying on pulling speed actuation, while

Fig. l(b) relies on die heater modulation. In both cases the

measured meniscus height is subtracted from an operator selected

meniscus height set point. The error signal thus generated is fed

into the control electronics, and a control sfgnal is produced.

In Fig. l(a) this control voltage is then used to control

pulling speed by means of a tachometer controller servomotor.

This servomotor actually comprises a separate control loop lying

wholly within the one now under consideration. Its precise

nature need not concern us here as we assume that it responsed

much more quickly than the system we are trying to control. The

pulling speed then acts on the EFG system to yield a meniscus

height for a given (and constant) die heater power, level.

In Fig. l(b), the control voltage is fed to a power ampli-

fier, the output of which goes directly to the die heater. The

power dissipated on the die heater then acts on the composite

system yielding a meniscus height for a given (and constant)

pulling speed. This composite system is indicated as being com-

posed of a heater-die thermal system and a separate EFG system.



In order to design the control electronics in these 3ystems,

we must understand the dynamics of all other elements in the con-

trol loop. We will start by examining the physics of the EFG pro-

cess, in particular the relations between meniscus height and pul-

ling speed and between meniscus height and die temperature. Later,

we will model the die-heater system as a lumped parameter thermal

system.

Three independent experiments will serve to gauge the valid-

ity of these models:

I. The effect of changes in pulling speed on meniscus height

and ribbon thickness will be observed while keeping the die heater

power constant. This will serve to test the models of EFG physics

per se.

2. The effect of changes in die heater power on die tempera-

ture will be observed. This will test the lumped parameter ther-

mal models.

3. The effect of changes in die heater power level on menis-

cus height and ribbon thickness will be observed for constant pul-

ling _:peed. This experiment is a synthesis of the above two as it

incorporates both the dynamics of the thermal.system and the

dynamics of the EFG process itself. This will allow us to test

the validity of treating the thermal system and the EFG system as

separate entities.

Finally, it should be noted that these models and experiments

will allow us to design either a velocity or die heater actuated

control system, or any combination of the two. It may in fact

prove necessary to effect control of the meniscus by both pulling

speed and die heater modulation.

REVIEW OF PHYSICS OF EFG PROCESS

We may divide our analysis of EFG into two components: the

steady-state, and the dynamic response. The steady-state anal-

ysis will allow us to relate meniscus height, ribbon thickness,

growth speed, die temperature, and other system parameters for

steady-state growth. This information will also yield the steady-

state sensitivities of the growth. For example, if a small change



is made in pulling velocity around some steady-state operating

point, we will be able to predict the resulting ribbon thickness

after a new steady-state is reached. However, for information

on how the growth responds to transients, e.g., how it proceeds

from one steady-state to another, we must turn to the complete

dynamic analysis.

An essential element of both analyses is the relationship

between the geometric variables involved in the meniscus con-

trolled shaping action that is EFG. As indicated in Fig. 2,

along the face of the ribbon the meniscus may be assumed to be a

circular arc, the radius of which is determined by Laplace's

equation. The other relevant geometric parameters are the die

dimension td, the meniscus height s, the ribbon thickness t, and

the meniscus angle _ defined as the angle between the meniscus

and the vertical at the interface. For growth of constant thick-

ness ribbon it has been found [I] that _ must attain a specific

non-zero value called _o" For silicon, ¢o _ II°" These para-

meters may be related as follows"

_
t d - t = 2[R cos _ - (R 2 cos 2 _ - s 2 2sR sin _):]. (I)

The steady-state relationship among the growth variables is

determined by energy conservation at the growth interface. If

Qribbon represents the heat conducted up the ribbon from the

interface, Qfusion the heat of fusion generated at the inter-

face, and Qmen the heat conducted to the interface through the

meniscus, all per unit width and time"

Qmen + Qfusion = Qribbon" (2)

At this stage, heat transfer and geometric models must be

chosen, and the three heat fluxes in Eq. (2) must be restated in

terms specific to these models. At that point, steady-state

sensitivities of the growth may be determined from the energy

conservation conditions [2], as discussed earlier. As an example,

we give one such steady-state sensitivity taken in the limit as

the growth speed approaches Vmax, the maximum growth speed of the
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system for thickness t"

_ -t
p

_V ss 2Vmax
(3)

where the subscript ss denotes steady-state.

In order to describe the complete dynamic behavior of an EFG

system, one must write the following set of equations describing

the time evolution of the crystal shape [3]:

£ = 2Vg tan (_ - _o ) (4)

6 = v - v (5)
P g

Vg = Vg (t, s, Td) (6)

¢ = ¢ (t, s), (7)

where Vg is the growth speed, Vp is the pulling speed, T d is a

die temperature, and differentiation with respect to time is de-

noted by a dot.

Equations (4) and (5) embody the dynamics of the EFG process.

Equation (4) is a consequence of the meniscus angle requirements

for steady-state growth. Equation (5) is a statement of geometric

compatibility. Equations (6) and (7) are restatements in functional

form of the geometric and energy conservation conditions dis-

cussed earlier.

Equations (4) through (7) are the basic equations needed to

describe the dynamics of an EFG growth process, and, more gener-

ally, any meniscus-controlled growth process. However, they are

a complex set of nonlinear equations, and hence are not amenable

to analytical treatment. A linearized analysis of this set of

equations can, however, serve as a starting point in the dynamic

analysis.

Thus, we will examine the dynamic behavior of the system

about an operating point by linearizing the equations about that

point. We will denote the steady-state values of the parameters

by the subscripts "o" Partial derivatives at steady-state will

be denoted by the subscript ss. The result of such a linearized

analysis [3] are the following two differential equations for



ribbon thickness and meniscus height"

+ 2[_ t + _ 2t -
n n aV ss n p aVg Td]3Td

+ 2[_ _ + _ 2s = V + m 2
n n p n

_s

ss

3V
V g

P 3T d

2 as
_n aV

(8)

ss Td + Td] (9)

2 avwhere m = 2V
n go 3s at

SS

2_n = \3s 2Vg ° _-_ . (II)

These equations are second-order linear ordinary differential

equations. As should be expected, the characteristic equation (the

terms on the left sides) have the same form for the two system para-

meters t and s, since they are variables in the same system. Such

a second-order system is characterized by two parameters, the natu-

ral frequency _ and the damping ratio C. When the damping ratio
n

is zero, an undamped system will respond to an initial step distur-

bance by oscillating at the natu_'al frequency. A system with damp-

ing ratio between 0 and 1 will respond to an initial step distur-

bance with decaying oscillations with a frequency slightly smaller

than _n" Finally, an overdamped system with C > I will respond to

an initial step disturbance with a nonoscillatory, exponential

approach.

The forcing function, or right hand side is, however, differ-

ent for Eqs. (8) and (9). In other words, external inputs will have

different effects on the two system variables t and s. Note that

the forcing function for both equations involves Vp and T d. Thus,

if we were interested in the response of the meniscus height to

changes in pulling speed, we would examine Eq. (9) with T d - 0.

Finally, it should be pointed out that the steady-state response to

constant inputs (obtained by equating all time derivatives to zero)

does not follow directly from the dynamic theory, but must be deter-

mined from the energy conservation statement (Eq. (2)) as discussed

previously.
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EXPERIMENTAL PROCEDURE

The dynamics of a system may be most easily tested by fre-

quency response techniques. In such a procedure, a sinusoid is

used as the input to a system. The output from the system is

then observed after the system has reached its steady state. If

a system is linear, then the output must also be a sinusoid of

the same frequency as the input. Measurements are then made of

the amplitude of the output as well as its phase relationship

with the input. From this data, we construct "Bode" plots where

we plot the log of the output against the log of the frequency,

and the phase shift of the output against the log of the fre-

quency. In a Bode plot, the magnitude of the output is normal-

ized by the magnitude of the input. That is, we divide the peak-

to-peak sinusoidal response of the system by the peak-to-peak

sinusoidal input thus eliminating the dependence of the response

on the input amplitude chosen for the experiment. An important

benefit of this technique is that it allows for easy comparison

of the measured data with theoretical prediction, both for ampli-

tude and phase angle response.

In order to perform the series of experiments outlined in

the section on the elements of the control system, we must be

able to measure pulling speed, die heater power level, meniscus

height, and die temperature as outputs during growth. Ribbon

thickness is, of course, measured after growth.

The basic observational measurement and recording tool used

in these experiments is the anamorphic optical video system shown

on the growth furnace in Fig. 3. An anamorphic optical system is

one which enlarges more in one direction than the other. When

applied to an EFG growth system, anamorphic optics permit us to

enlargethe image more in the vertical direction than in the hor-

izontal, thereby maintaining good resolution of the meniscus height

(typically .02 cm high) across the full ribbon width (7.5 cm max-

imum width for the growth system picture). The system shown in

Fig. 3 enlarges by a factor of 18 more in the vertical than in

the horizontal and displays the resultant image directly on a

television monitor.



Figure 4 is a photograph taken directly from the television

monitor. The top half of the screen is the view of the growth as

seen by the anamorphic optical system. The bottom half of the

split screened image is the instrumentation panel as seen by a

second TV camera. The top row of digital panel meters provides

information on power levels of the die heaters, pulling speed and

run time, while the meter at the lower right gives the tempera-

ture as recorded by a thermocouple in close proximity to the die.

The storage oscilloscope provides a means of simultaneously re-

cording both the input to (bottom trace), and the output from the

system (top trace). Thus, the digital meters and the view of the

growth itself provide information as to the operating point, while

the oscilloscope traces record the fluctuations of input and out-

put around the operating point. For slow oscillations the digital

meters can provide more exact information as to the magnitude of the

variations. Finally, phase shift of the output may be measured on the

oscilloscope tracing. However, this measurement is extremely sensi-

tive to slight deviations of the output froma sinusoidal wavelength

due to noise.

System inputs are measured in straightforward manners. Pul-

ling speed is measured directly by the tachometer on the belt

puller drive motor. Die heater power is measured by multiplying

the true RMS values of die heater current and voltage.

The measurement of system outputs is somewhat more involved.

Meniscus height is measured by video-analysis of the anamorphic

view of the growth. As shown in Fig. 5, a video threshold is

set, above which all the image points are turned white, and be-

low which the image points are turned totally dark. This effec-

tively maximizes the image contrast. A box is then superimposed

on the TV screen and the average is taken of all the video in-

tensity falling within it. As the meniscus moves up and down

within the box, this averaged video intensity serves as an ana-

logue signal proportional to meniscus height. This meniscus

height measurement has excellent resolution (better than 5 x 10 -4

cm) as it represents a spatial average of the meniscus.

The die temperature was measured by forming a thermocouple

between the carbon die and a silicon ribbon melted and refrozen



to it. The side wall and floor of the growth system cartridge

form a continuous graphite conduction path up and out of the fur-

nace. Thus, the junction between the silicon ribbon and the die

tip forms a thermoelectric couple, the output of which may be re-

lated to the temperature of the die tip. Thermocouples formed by

bonding carbon string to silicon ribbon have been used to map the

temperature field of ribbon growth systems [4], and hence their

thermoelectric behavior is known. The advantage of this technique

in this application is that it allows us to measure directly the

temperature of the die tip with a ribbon attached, a condition

closely approximating growth.

RIBBON THICKNESS AND MENISCUS HEIGHT RESPONSE TO CHANGES IN PULLING
SPEED

The response of ribbon thickness and meniscus height to pul-

ling speed is given by Eqs. (8) and (9) with T d _ 0. As discussed

previously, we will be concerned with the amplitude and phase

angle of the response to sinusoidal inputs of frequency _. Any of

several techniques (e.g., Laplace transforms) may be used to

derive expressions for these responses from Eqs. (8) and (9). Pre-

sented below are the expressions for the amplitude response of

(Itl\ (fsl 
thickness \-_], the amplitude response of meniscus height _lvI],
and the phase angle response of meniscus height to speed changes.

Itl
IVl

Isl
IVl

_t
_V

SS

[< ; 2].2

[__ _sI2 ½--_ + _V ss

phase angle = tan
-I _ _ tan-I -_-

n aVss / 7nn

(12)

(13)

(14)



Figures 6 and 7 present fre%uency response data for both
thickness and meniscus height response as well as theoretical

calculations based on Eqs. (12) through (14). This data re-

sults from a single run and was measured and recorded as de-

scribed previously. The relevant data for this run is presented

below:

t d = 0.061 cm

t = 0.041 am

s = 0.025 am

R = 0.073 cm

V = 0.032 cm/sec
go

V = 0.036 cm/sec
max

In plotting the theoretical results of Eqs. (12) through

(14), it is first necessary to derive the necessary partial and

total derivatives from the geometric relation (Eq. (I)) and the

energy conservation relation (Eq. (2)). For the operating point

data above, these may be computed to be:

= -16.0 rad/cm
_t

_¢ = -20.2 rad/cm
_s

B__tt -- -1.26
@s

_V

_t
SS

-0.45 1/sec

_s ss

O. 56 1/sec

= 0.19 I/sec

i0



From these the system natural frequency and damping ratio

may be calculated:

_n = 0.75 rad/sec (frequency = .12 Hz)

=0.8

In examining such frequency response data, there are sever-

al points of special interest. The first is the response of the

system at low frequencies which essentially tests the steady-

state aspects of the model and is not strongly related to the

dynamics of the system. The high frequency response, on the

other hand, provides essential information on the system dynam-

ics. Of interest are the decay rate of the response amplitude

with frequency and the maximum phase shift as they relate direct-

ly to the order of the system. If a system is second order, and

the forcing function, or right hand side of the equation involves

no derivatives of the input variable, the amplitude will decay as

I/_ 2 (-2 decades/decade) for high frequencies, and the phase

angle will tend toward -180 °. The response of thickness to pul-

ling speed is such a case. These high frequency results may be

obtained by substituting a constant times a sinusoid for both

input and output and noting that a_ high frequencies the second

derivative term dominates the left hand side of the equation.

For a system with a first derivative of the input in the forcing

function (as is the case with meniscus response) the high fre-

quency response should fall off as I/_ (-I decade/decade), and

the phase angle should tend toward -90o. . The final region of

interest is that around the natural frequency. In a system with

no derivative in the forcing function (e.g., thickness response),

the natural frequency may be found by extending the high fre-

quency data asymptote back up to the steady-state value of the

response. This intersection, or break point, occurs at the

natural frequency. The amount by which the response curve falls

above or below the break point is indicative of the damping of

the system. The further the curve falls below the break point,

the higher the damping ratio.

Ii



As may be readily seen from Figs. 6 and 7, the data is in

excellent agreement with the theory. Both steady-state values

are close to those predicted by the theory. In the high fre-

quency regions, the response magnitudes fall off precisely as ex-

pected: as a second-order system for thickness, and a first-

order system for meniscus height response. In addition, the
phase angle for meniscus height response tends toward -90 ° as ex-

pected, further verifying the order of the system. Further, the

thickness response shows that the measured natural frequency is

extremely close to the theoretical natural frequency. Finally,

the thickness response curve indicates that the system has a damp-

ing ratio of approximately 1.2, slightly higher than the predicted
value of 0.8.

In summary, we may say that the linearized formulation of

the dynamics of the EFG process is quite accurate and does not

deviate from the true actual dynamics in any important regard.

DIE TEMPERATURE RESPONSE TO CHANGES IN DIE HEATER POWER LEVEL

The dynamics of the die-heater thermal system are basically

due to the thermal capacitances of the heater and the die. Accord-

ingly, a lumped parameter thermal model has b4en formulated for

this system as shown in Fig. 8.

Capacitor C 1 models the thermal capacitance of the die

heater, while C2 models the capacitance of the die itself. Resis-

tor R 1 models the radiative and convective heat loss from the die

heater to the environment. R3 models the heat loss from the die

to the environment, while R 2 models the thermal coupling between

the die heater and the die. The heat source Q models the resis-

tive power dissipation in the die heater.

As this lumped parameter system has two energy storage ele-

ments (two capacitors), it is a second-order system. The follow-

ing second-order differential equations relate the die temperature

T d to the heat input Q.

_Td 2

Td + 2_t _n t Td + _n t2 Wd = -_ ss _nt Q, (15)

12



2 R! + R2 + R3
where _n = (16)

t RIR2R3CIC 2

RIR 3 (C 1 + C 2) + R 2 (RIC 1 + R3C 2)

2_ t _nt RIR2R3CIC2 (17)

The capacitances may be calculated based on the volume of the

die and heater and the specific heat of graphite. The resistances

may be calculated by linearizing the heat loss mechanisms around

the operating point temperature. If this is done, the following

parameters may be calculated"

_n t = 0.35 rad/sec

_t = 1.7

_Td I
= 0.075 °K/watt

_Q ss

The magnitude and phase angle responses predicted by Eq. (15)

are plotted in Fig. 9 along with the measured data. The experi-

tal value plotted at .001Hz was obtained from Zhe response to a

step change input, as this frequency is sufficiently low so that

the response may be approximated by the steady-state value. As can be

seen, the measured low frequency, or steady-state value, for the

response amplitude is close to the theoretical value. The behavior

of the amplitude response at high frequencies is close to that predicted

by the model; however, the model does not appear to predict quite

a fast enough decay of amplitude with frequency. In fact, the decay

rate of the data lies midway between what one would expect for a

second and a third order system. However, the phase angle relation-

ship behaves more like a second-order system, passing through -90 ° at

the natural frequency of the system, and approaching -180 ° for high fre-

quencies. Finally, note that the theory appears to accurately predict

the natural frequency.

While the discrepancy between the measured and predicted ampli-

tude response at high frequencies is not understood, the general

agreement of the theory with experiment indicates that the model

chosen is reasonable.
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RIBBON THICKNESS AND MENISCUS HEIGHT RESPONSE TO CHANGES IN DIE

HEATER POWER LEVEL

As discussed previously, it has been assumed that. the com-

plete system may be broken down into the separate and independent

die heater thermal system and EFG system. If such were the case,

we would expect the sinusoidal response amplitude of meniscus

height to heater power to be given by the product of the response

of the meniscus to die temperature and the response of die temper-

ature to heater power. Thus,

Isl
IQI

As may be seen from Eq.

Isl IToI
IToI IQI

(8) and (9), the response of ribbon

thickness and meniscus height to die temperature T d is governed by

the same physics as is theresponse to pulling speed. The only
OVg

change is the addition of _d as a multiplicative constant on the

right hand side of the equations. Thus, we may write"

Isl =-3Vg Isl ITd[

IQI 3T d IVI IQi

_V

g is difficult to obtain accurately from the
However, _T d

steady-state theory. Thus, we cannot expect to be able to verify

the theory at steady state, but should only be concerned with

comparing the dynamics given by theory with experiment. We will,

therefore, normalize the theoretical meniscus response to speed

and the die temperature response to power by their respective

theoretical steady-state values. In addition, we will use the

measured steady-state value for meniscus response to power input.

Thus:

'sl ITdl
Isl, IV-"-] IQI
Iql

_S

_Q
SS (18)

Similarly, we may write:
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Itl ITdl
Itl

_ IV--T IQi  -QI ss

_t[ _T dss
Iqt

ss

Finally, we must expect that the phase angle of the meniscus re-

sponse to input power should be the sum of the phase angles of

the component responses:

phase angle
meniscus

to power

= phase angle
die temp.
to power

+ phase angle
meniscus

to speed

Figures I0 and II present the theoretical results as out-

lined above along with the experimental results. Again, the gen-

eral agreement is apparent. In the case of the response of ribbon

thickness, the theory indicates that we are multiplying two

second-order systems together. We must, therefore, expect a

fourth-order drop-off of amplitude with frequency, or a factor of

16 decrease for a doubling of the frequency in the high frequency

region. The fact that the drop-off is so fast makes it extremely

difficult to precisely determine the order of the system from the

data. In fact, the high frequency data of Fig. I0 falls off at a

rate between a fourth and fifth order system.

In the case of meniscus height response to power input, the

theory indicates that we are multiplying two second-order systems,

with one having a first derivative in the forcing function. Again,

the drop-off rate at high frequencies is in good agreement with

the theoretical value of -3 decades/decade (or an eight-fold de-

crease for a doubling of the frequency). Most notably, the

measured phase angle does indeed tend toward -270°C at high fre-

quencies as expected for a system with a third-order drop-off.

In summary, it seems that the complete heater-die-EFG system

may indeed be separated into two distinct dynamic components and

analyzed as such.

CONCLUSIONS AND IMPLICATIONS FOR CONTROL

Two basic types of systems that might be used to control

15



meniscus height have been discussed. In examining the elements

of such controllers, the basic EFG system has been divided into

two separate and distinct parts: the heater-die thermal system

and the EFG system itself. The previously developed physical

theory of the EFG growth process has been reviewed and extended

so that it might be easily interpreted in the light of experi-

mental data on dynamics. Further thermal system modeling is pre-

sented for the heater-die thermal system.

Experiments have been carried out on an instrumented crystal

growth furnace on the two separate systems and the composite

system as outlined above. In all cases, the agreement between

theory and experiment has been found to be good. At low fre-

quencies, the theoretical response amplitudes are in good agree-

ment with the measured values, where applicable. This serves to

establish the validity of the steady-state models. At high fre-

quencies, the agreement is again good between theory and experi-

ment, thus verifying that the system is of the order predicted by

theory. Where measured, the phase angle data also indicates that

the theory predicts the proper system orders. Fina]ly, the theory

is found to be in good agreement with the data as to the location

of the system natural.frequencies.

The results of this dynamic analysis may now be used to ana-

lyze a complete meniscus height control system. The results of

these dynamic investigations show that meniscus height responds

to die heater power level as a fourth-order system with a first-

order derivative in the forcing function. In control engineers'

parlance, the transfer function has four poles and one zero.

Thus, if our meniscus height controller is to be die heater actu-

ated, it must be able to accommodate the dynamic complexities of

such a system. By starting with different types of control elec-

tronics (e.g., proportional, proportional plus integral, propor-

tional plus derivative, various compensations, etc.), the com-

posite system may be analyzed. For example, if simple propor-

tional controlling action is assumed, it may be shown that the

system is stable only for low values of the gain. Low gain

values result in poor transient response and large steady-state

16



error of the output. In fact, such a control system was imple-
mented and the system was indeed found to become unstable at

approximately the gain predicted. Other controlling actions may

be chosen for this system which represent a better compromise be-

tween stability, transient response, and steady-state error. Itow-

ever, under no circumstances is this an easy system to control.

This is especially true when we realize that the operating point,

and hence the dynamic behavior, of the system changes all the

time, and the control system must be stable throughout the range
of values encountered.

The difficulty of controlling this system stems from the

fact that we are attempting to control meniscus height through a

complex chain of dynamic events from just the final output, the

meniscus height itself. In the traditional method of controlling

meniscus height, two inputs are used; one from the die temperature,

and the other from the perceived meniscus height. Since the die

temperature is a system variable closer to the point of actuation,

it serves to stabilize the system.

This same type of controller may be implemented automatically

by deriving information from both the measured die temperature

and meniscus height, rather than from meniscu{ height alone. How-

ever, another alternative exists. As the results of this study

show, the meniscus height responds to pulling speed as a second-

order system with a first-order derivative in the forcing func-

tion. In other words, the transfer function has two poles and one

zero. Thus, we may build a much more straightforward meniscus

height controller based on pulling speed actuation. In fact, it

may be shown that a simple proportional controller based on pul-

ling speed actuation will be stable for all values of the gain.

Such a control system would allow the attainment of a high degree

of stability, good transient response, and good steady-state be-

havior. It might further prove desirable to modulate both pulling

speed and die heater power. The pulling speed would be used to

control the system dynamics, while the die heater power would be

used to compensate for long-term drifting which would otherwise

carry the system out of the allowable speed range.
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Fig. 2. Schematic view of meniscus shaping geometry in EFG.
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Fig. 3. Anamorphic optical-video system on instrumental
crystal growth furnace.
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Fig. 6. Log-log frequency response plot showing the magnitude
response of ribbon thickness to pulling speed.
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